Skeletal muscles provide fascinating examples how humans have evolved and exercise. While humans developed superior cognition, metabolome evolution studies indicate an accelerated parallel decline in muscle energetic capacity and strength (1). New forms of locomotion including exceptional endurance were adapted ∼2 million years ago (2) . Nowadays, we generally assume healthy aging and disease prevention depend on regular exercise. Contrasting with evolutionary adaptation, high-intensity interval training (HIIT) represents an ultrashort form of exercise and a promising intervention for disease prevention. However, the molecular mechanisms are incompletely understood. Studying recreationally active humans, Place et al. (3) used highly demanding HIIT cycling protocols. Importantly, these studies identify a novel molecular defect and putative mechanism of muscle adaptation, ryanodine receptor (RyR) fragmentation (3) .
The human genome encodes three RyR isoforms. In skeletal and heart muscle RyR1 and RyR2 are highly expressed, respectively, each functioning as the major intracellular calcium (Ca 2+ ) release channel. Approximately 50% of RyR1 channels in the sarcoplasmic reticulum (SR) are activated by protein-protein interactions with voltage-gated Ca 2+ channels (VGCCs) in the plasma membrane (sarcolemma). Direct VGCCRyR1 interactions enable rapid excitationcontraction (EC) coupling rates in myofibers necessary for sustained (tetanic) contractions. This is in contrast with diffusion-based RyR1 or RyR2 channel activation via Ca 2+ -induced Ca 2+ release (CICR). Recent cryo-EM structures of RyR1 with near-atomic resolution ( Fig. 1 A and B and refs. 4 and 5) provide potential clues about the putative RyR1 fragmentation versus allosteric activation mechanisms, which were correlated with depressed muscle function (3) .
Previous studies determined that calpain activation cleaves RyR1 channels into stably associated ∼375-and ∼150-kDa fragments sustaining subconductance channel open gating in vitro (6) . Recombinant, N-terminally truncated RyR1 channels reconstituted in lipid bilayers exhibited CICR-like functions (7) . Notably, 24 h after HIIT exercise recreationally active humans showed significant RyR1 fragmentation (re)producing a ∼375-kDa fragment in muscle biopsies similar to calpain-treated RyR1 (3, 6) . Calpain is known to cleave RyR1 protomers at residues 1383-1400 (6), located within an unresolved region in the RyR1 model [ Fig. 1 A and B; in both PDB ID code 3J8E and 3J8H (4, 5)], where VGCCs potentially bind RyR1 (8) . Hence, it is plausible that CICR-like channel activity will remain intact whereas voltage-dependent RyR1 activation during EC coupling will be disrupted, and the truncated channels may sustain SR Ca 2+ leak. In skeletal muscle, calpain-3 mutations cause limb-girdle muscular dystrophy type 2A in patients. Place et al. (3) determined an approximately threefold increased calpain activity of the Ca 2+ -activated protease. In the case of calpain-3, specific enzyme domains enable rapid autolytic activation, however, the enzyme is thought to be inactive when bound to titin in sarcomeres. In analogy, in triad junctions the aldolase A scaffold forms a complex with RyR1 and inactive calpain-3 (9). Interestingly, loss of calpain-3 scaffold function was proposed to alter SR Ca 2+ release, whereas calpain-3 C129S knock-in, a structurally intact but enzymatically inactive mutant, would not alter SR Ca 2+ release (10) . In addition, junctophilin isoforms are substrates of the ubiquitous calpain-1. In triad junctions, junctophilins stabilize nanodomain spacing between VGCC and RyR1 channels essential for regular EC coupling. Proteolytic junctophilin inactivation may result in impaired Ca 2+ regulation and skeletal muscle weakness (11) . Interestingly, 24 h after a single bout of eccentric exercise calpain-3 activation was observed in skeletal muscle by earlier studies; and recent studies also showed Ca 2+ -dependent calpain-1 activation (11) . In agreement, Place et al. (3) observed RyR1 fragmentation in skeletal muscle biopsies 24 h after cycling bouts. Taken together, calpain-1 and calpain-3 are candidates for subcellular junctophilin and RyR1 proteolysis, respectively, and may contribute to SR Ca 2+ leak. Place et al. (3) attribute the HIIT-induced calpain effects to selective degradation of RyR1, whereas junctophilin was not mentioned.
Intriguingly, RyR1 fragmentation occurred in a reactive oxygen species (ROS)-dependent manner following HIIT exercising (3). It is tempting to speculate that calpain-3 cleaves oxidized RyR1 selectively post-HIIT. Alternatively, calpain-3 may protect RyR1 from degradation by conventional calpains and RyR1 oxidation would diminish this protection. Consistent with protective calpain-3 roles, reduced expression of RyR1 and aldolase A was observed in calpain-3 knock-out but not in calpain-3 C129S knock-in mice (9, 10). Intense exercise induced oxidative posttranslational modification of RyR1 by the electrophile malondialdehyde (MDA) (3), which was perhaps causal for subsequent degradation. However, because basal MDA modification was already 50% of that achieved postexercise, this may argue against a causal relationship. A variety of additional nitrooxidative cysteine modifications of RyR1 can occur (Fig. 1C) , including S-nitrosation (12), S-glutathiolation, and sulfonation, as well as 3-nitrotyrosine formation (13) , and these may mediate proteolysis.
Although the principal observation of RyR1 fragmentation during intense exercise is quite clear, many molecular and etiological details require follow-up. For instance, protective significance is attached to elevated levels of SOD2 and catalase in elite athletes. Catalase is normally located in peroxisomes, whereas other antioxidant enzymes such as glutathione-or thioredoxin-dependent peroxiredoxins and thioredoxin may also be important. If the molecular sources of the reactive oxygen species, such as NADPH oxidases (Noxs), mitochondria, uncoupled nitric oxide synthases or monoamine oxidase, mediating the fragmentation could be established, this would help define whether a 1 or 2 electron antioxidant may be rationally more effective in potentially modulating RyR1 proteolysis.
In myofibers, RyR1 fragmentation may further affect the subcellular state of RyR1 channel arrays in membrane nanodomains. Complex spatial RyR1 distributions were determined by superresolution and electron microscopy. VGCCs in transverse tubule invaginations interact locally with RyR1 clusters in triad junctions and synchronize cell-wide cluster activities (14) . Superresolution microscopy showed nearly continuous RyR1 cluster distributions in fast-twitch, but not in slow-twitch, muscles (15) . Importantly, RyR clusters represent extended protein networks with mutual physical and complex in situ behaviors of individual channels (16) . Consequently, RyR channel organization in clusters emerged as an important control mechanism of local SR Ca 2+ release. Whether RyR1 channel and cluster changes are locally linked to specific redox sources in cells is an unresolved question.
Supporting local RyR2 cluster changes, a decrease of the total dyadic coupling area was determined by EM in human cardiomyopathy samples (17) . Recent superresolution microscopy in atrial fibrillation samples suggested RyR2 cluster fragmentation as additional cause of altered Ca 2+ signaling (18) . Hypothetical mechanisms of cluster fragmentation include loss of RyR protein interactions due to proteolytic domain clipping, oxidative modifications, and disruption through junctophilin loss. Although structure-function analysis at the nanometric scales of RyR clusters is challenging in native cells, superresolution Ca 2+ spark modeling has become a vital option to characterize functional cluster changes, closely resembling local Ca 2+ signaling behaviors (16) .
The intriguing observation by Place et al. (3) that force depression in skeletal muscle is correlated with RyR1 fragmentation following intense cycling bouts stimulates important future questions. Proteolysis by calpain represents a putative mechanism of direct molecular uncoupling from voltagedependent VGCC-RyR1 control ( Fig. 1 A  and B) . In contrast, marathon running induced a distinct molecular instability of the channel complex evidenced by calstabin1 depletion ( Fig. 1 A and B) (3) , confirming earlier results (19) . Further understanding may come from generation of mouse models expressing calpain-resistant RyR or specific proteolytic fragments, as achieved with myosin-binding protein C (20) . Without doubt, the fascinating findings of Place et al. (3) will stimulate intense interest and hopefully lead to more effective means of disease prevention based on rationally founded future exercise interventions.
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